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Cosmology i s  confronted with t h e  problem of explaining 
how large-scale  s t ruc tu res  or iginated i n  t h e  universe 
Within t h e  framework of conventional theory two hypotheses 
a re  possible.  
s t r u c t u r a l  d i f f e r e n t i a t i o n  of a. rudimentary form i s  i n l a i d  
I n  t h e  primordial s t ruc tu re  hypothesis 
within t h e  universe from i ts  e a r l i e s t  moments, whereas i n  
the  i n s t a b i l i t y  hy-p othes is  s t ruc ture  evolves na tu ra l ly  frcm 
small i n i t i a l  disturbances.  It is known tha t  according t o  
l i nea r i zed  g rav i t a t iona l  theory, small disturbances i n  an 
expanding universe grow extremely s lowly.  This theory i s  
out l ined and furthermore it i s  shown tha t  la rge  s t ruc tu res  
are unl ikely t o  form as  the  r e su l t  of thermal i n s t a b i l i t i e s .  
Thus, t h e  i n s t a b i l i t y  hypothesis i s  i n  ser ious  d i f f i c u l t y  
and it is proposed tha t  we should re-examine the  primordial  
s t ruc tu re  hypothesis. One poss ib i l i t y  i s  t h a t  differen-  
t i a t i o n  i n t o  s t r u c t u r a l  domains i s  a n a t u r a l  s t a t e  of matter 
at very high dens i t i e s  during the  e a r l i e s t  s tage of expan- 
s ion  of t he  universe.  
1. DISCUSSION 
The main emphasis i n  cosmology i s  on models of an 
ideal ized universe containing a uniform and per fec t  f l u i d .  
Confronting cosmology, however, i s  t h e  t a s k  of bridging 
t h e  gap between t h e  fea ture less  models and t h e  physical  
universe with i t s  s t r u c t u r a l  d i f fe ren t ia t ions .  It i s  t h i s  
aspect of cosmology t h a t  w e  s h a l l  discuss.  
The as t rophys ic i s t  studies,  among other  things,  t h e  
evolution of g a l a c t i c  s t ructure  and the  condensation of 
stars out of gas clouds of i r regular  densi ty  and motion. 
He inves t iga tes  configurations of matter whose mean densi ty  
i s  la rge  i n  comparison with the mean densi ty  of the universe, 
and h i s  invest igat ions frequently begin where those of t h e  
cosmologist end. The onus i s  on the cosmologist t o  present 
a convincing account of why i n  t h e  f i r s t  place a differen-  
t i a ted  universe e x i s t s ,  and how it i s  possible t h a t  t h e r e  
are regions of r e l a t i v e l y  large densi ty  favorable t o  t h e  
formation of galaxies  and stars e 
A r a t i o n a l  account of the or ig in  of c e l e s t i a l  s t ruc ture  
involves t h e  laws of physics and the i n i t i a l  condit.ions. 
A t  present t h e r e  are two outst,anding hypotheses concerning 
t h e  i n i t i a l  conditions: the primordial s t ruc ture  hypothesis 
and t h e  i n s t a b i l i t y  hypothesis e 
The primordial s t ruc ture  hypothesis presupposes t h a t  
s t r u c t u r a l  d i f fe ren t ia t ion ,  most  l i k e l y  i n  a rudimentary 
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form, or ig ina tes  with the  universe. This hypothesis i s  as 
old as my-khology and conceives t h a t  an inherent s t r u c t u r a l  
design i s  an indispensable par t  of t h e  universe.  I n  the  
course of time the  d i f f e ren t i a t ion  i s  enhanced and the  
s t ruc ture  develops complex d e t a i l  i n  accordance with the  
known laws of physics. We s h a l l  show t h a t  it now appears 
necessary t o  reconsider t h i s  hypothesis i n  t h e  l i g h t  of 
modern knowledge. 
A t  t h e  other  extreme, t he  i n s t a b i l i t y  hypothesis 
dismisses t h e  idea of spec ia l  i n i t i a l  conditions and declares  
t h a t  t h e  laws of physics are f u l l y  capable of explaining 
the  o r ig in  of s t ruc ture  This hypothesis, which i s  as youag 
as the theory of grav i ta t ion ,  s ta tes  t h a t  the  universe i s  
unstable against  small random perturbat ions.  It pcssesses 
several  a t t r a c t i v e  features:  t he  smallness of t he  dist,ur- 
bances allows us t o  work i n i t i a l l y  with a l i n e a r  theory; 
a l so  it re f r a ins  from pleading f o r  s p e c i a l  ad hoc boundary 
conditions and thus conforms with the  s c i e n t i f i c  s p i r i t  of 
s t ress ing  the  importance of physical  processes.  
Two requirements must be s a t i s f i e d  before  t h e  i n s t a b i l i t y  
hypothesis can be f u l l y  accepted. The f i r s t  requirement i s  
tha t  s t ruc ture  must emerge out of amorphous i n i t i a l  conditions 
and possess the  correct  morphology. Clear ly ,  i n  a normal 
mode analysis  a l l  possible wavelengths must not grow a t  t h e  
same ra te .  On the other  hand we do not want a universe 
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containing objects  the s i z e  of tennis ba l l s  nor a universe 
broken i n t o  only a few la rge  fragments. We do not observe 
any pronounced macroscopic anistropy and must theref  ore 
deduce t h a t  wavelengths of cosmic dimensions a re  r e l a t i v e l y  
quiescent. Thus only  a l imited range of time-growing wave- 
lengths  i s  required t o  lay  down t h e  foundations of g a l a c t i c  
and s te l lar  s t ruc ture .  The time dependence of  the various 
wavelengths must a l s o  t e l l  us whether s t ruc ture  develops 
by fragmentation or  c luster ing,  o r  by a combination of 
both processes. If t h e  longer wavelengths race ahead and 
lead t h e  f i e l d  then protogalaxies or even l a r g e r  d i s t r ibu-  
t i o n s  of matter f i rs t  form and provide an environment cf 
enhanced density i n  which subsequent fragmentation can 
occur1. 
small scale  condensations f i r s t  form and by subsequent 
i n t e r a c t i o n s  c l u s t e r  together  i n t o  l a r g e r  and l a r g e r  systems2 
The second requirement i s  t h a t  t h e  r a t e  of growth of 
B u t  i f  the  short  wavelengths take the  lead, then  
t h e  per turbat ions must be adequate. If p i s  t h e  densi ty  
and 6p the  perturbation i n  density, then t h e  c h a r a c t e r i s t i c  
growth t i m e  of t h e  contrast  density p = 6p/p must be short  
compared with t h e  age t of t h e  universe. I n  other words 
Let us  suppose t h a t  by some means or other w e  obtain an 
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equation of t h e  kind 
assume t h a t  t h e  required s t ruc tu re  pre-exis ts  i n  
conditions a t  reduced amplitude. If t h i s  i s  the  
we are back t o  t h e  primordial  s t ruc ture  hypothes 
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fo r  a given wavelength, where i s  the  i n i t i a l  amplitude 
of t h e  f luc tua t ion  a t  t i m e  to.  
t i o n  (1) w e  require  m >> l. Now the i n s t a b i l i t y  hypothesis 
must  explain how s t ruc ture  i s  created and therefore  it cannot 
Then according t o  equa- 
the  i n i t i a l  
case then  
s and 
equation ( 2 )  accounts f o r  no more than  mere enhancement. 
The i n i t i a l  conditions are therefore  s t ruc tu re l e s s  and 
consist  only of random f luc tua t ions .  S t a t i s t i c a l  f luctua-  
t i ons  of  l a rge  numbers of p a r t i c l e s  a re  exceedingly small; 
fo r  N p a r t i c l e s  
- $2 
P 0 - N  J 
and f o r  a ga l ac t i c  mass cons is t ing  of hydrogen 1-6 - 
The densi ty  of galaxies  i s  seve ra l  orders  of magnitude g rea t e r  
than the  mean densi ty  of t h e  universe and therefore  eventual ly  
IJ- >> 1. Whatever reasonable value i s  assumed fo r  t/tjo i n  
equation ( 2 )  it i s  obvious t h a t  m i s  an out landish number. 
A s  an  example, i f  t/to = lo1' t h e n  m > 230  More modest 
values of m w i l l  mean t h a t  there  i s  enhanceEnt but  not 
ou t r igh t  i n s t a b i l i t y .  
require  exponential  growth: 
For a clear  case of i n s t a b i l i t y  we 
and for a ga lac t i c  mass t h e  e-folding t i m e  i s  T < t /100 and 
can be as long as seve ra l  mil l ions of years.  
W e  t u r n  now without fur ther  ado t o  a more de t a i l ed  
examination of t h e  i n s t a b i l i t y  hypothesis. We s h a l l  show 
t h a t  g r a v i t a t i o n a l  i n s t a b i l i t y  f a i l s  both the  reqGirements 
t h a t  have been mentioned above. 
p a r t i c u l a r  physical  mechanism it i s  found that, extreme 
thermal i n s t a b i l i t y  y i e lds  a barely adequate growth rafJe 
f o r  t h e  formation of ga l ac t i c  masses. This r e s u l t  i s  i n t e r -  
e s t i n g  but can scarcely be accepted u n t i l  a physical  bas i s  
i s  found f o r  t h e  occurrence of such processes cver la rge  
ranges of densi ty .  Final ly ,  we consider very b r i e f l y  t h e  
primordial  s t ruc tu re  hypothesis and suggest t h a t  it should 
be updated and reformulated in to  a more acceptable proposi- 
t i o n .  
Without specifying any 
2.  GRAVITATIONAL INSTABILITY 
I n  i t s  unperturbed s t a t e  we assume t h a t  t h e  universe 
i s  i so t ropic  and hcmogeneous and use t h e  l i n e  element 
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(dr2 + r2dD2), R2 c2 (l+++ )2 ds2 = dt2 - ( 5 )  
dh1' = de2 + sin28d@2, where r, 8, @ are  comoving spher ica l  
coordinates and K = 0, f 1 i s  the curvature constant; also, 
t h a t  t h e  cosmic f l u i d  densi ty  p i s  uniform and the pressure 
p i s  i so t ropic .  
re la ted  by the  expression 
If var ia t ions  i n  pressure and densi ty  a re  
6p = (v-l)c26p, ( 6 )  
then f o r  constant v 
p = ( v - l ) c 2 p ,  
and 1 L v S 4. The energy-momentum tensor  i s  
(7 )  
i where u i s  the  f l u i d  four-velocity,  and i n  comoving coor- 
dinates 
i k  
Using E i n s t e i n ' s  equation 
i m  i b G  Ti Ri - 4bjRm + 6 j  A = -  j e 2  j' 
where A i s  the cosmological term, we obtain t h e  equations 
and dots denote t i m e  der ivat ives .  Let  
where f3, i s  constant, and it follows t h a t  
1/ ( 3 V - 2  ) 
H = +1: R = (@,sin2 x) Y 
We now consider perturbations i n  the cosmic f l u i d  t h a t  
a re  accompanied by small departures from t h e  Robertson- 
Walker l i n e  element ( 5 ) .  The metric tensor  g becomes 
Jk 
f h where h and i t s  derivatives are assumed t o  be 
gjk jk' j k  
- 7 -  
s m a l l .  
t r a c t e d  Riemann Chr is tof fe l  t ensor  i s  given by* 
It can be shown3 t h a t  t o  a f irst  order t h e  con- 
* A more de t a i l ed  treatment i s  given i n  reference 3 .  
The present paper supplements and extends the  discussion on 
t h e  o r ig in  of  s t ruc ture  found i n  t h i s  reference.  
i k  m m ) + g y !  = 2 ( 6 H i  + hkRj)> i k  (16) 
g (%; jk - hk; j m  - hj;km J; 
i n  which a semicolon denotes covariant d i f f e ren t i a t ion .  
This equation i s  similar t o  t h a t  derived by Li fsh i tz4 .  
From equation (10) 
6 R j  i = - (&G/c2)6.(T: --&iT)y 
i and therefore  a l l  t h a t  remains i s  t o  determine 6 T j .  
can be readi ly  shown t h a t  
It 
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CY 6T = 0, B 
where  CY,^ = 1, 2, 3 ,  CY # B y  and t h e r e  i s  no summation. 
Equation (16) i s  a set  of t e n  equations f o r  determining t h e  
t e n  quant i t ies :  6p ;  s ix of the  hJ (since four  can be elim- i 
inated by coordinate transformations); and 6u c y 0  (6u = -3% )e 
A t  t h i s  stage it i s  helpful  t o  consider t h e  analogous 
case of t h e  Newtonian equations of hydrodynamics. The 
perturbed f l u i d  motion i s  governed by t h e  gradients of t h e  
pressure and g r a v i t a t i o n a l  p o t e n t i a l  $, and hence t h e  vel-  
o c i t y  i s  conserved. B u t  the  v o r t i c i t y  i s  zera p r i o r  t o  
t h e  perturbation and i s  therefore  permanently zero, and t h e  
motion i s  i r r a t i o n a l .  Thus i n  the Newtonian treatment t h e  
equations of motion and continuity and Poiss im's-equat ion 
a r e  a set of t h r e e  equations f o r  t h e  determination of 6p, 
$, and cp, where cp is  the  veloci ty  p o t e n t i a l ,  
If we adopt h, = 0, and demand t h a t  t h e  motion i s  
i r r o t a t i o n a l :  
cy 
it i s  found t h a t  h are propagated independently 
of t h e  f l u i d  perturbation. These quant i t ies  are ze rG i n  the  
and ha - h B B 
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unperturbed state and therefore  it can be assumed t h a t  they 
are permanently zero without a f fec t ing  the f l u i d  disturbance 
Hence, a l l  diagonal components of  h a re  zero, and we have i j 
If 
the  simple form 
i s  wr i t ten  as 2Jr/c2, the  perturbed l i n e  element has 
ds2 = (1 + 2 $ ~ - ~ ) d t ~  - -R2 -2 ( dr2+r2m2 ) (21) c2 1+$n./1.2 
Equation (16) now reduces t o  the  t h r e e  equations 
4nGc26p = -3h-1~+(c2V2-2AR2-3R2+3~~2 )R-2$, 
4rrG6p = + 4k3-li  + (2#R + R2 - xc2)Rm2$, (23)  
(22 1 
(R$)  = 4nG(p + p/c2)cp, (24)  R d t  
f o r  determining 6 p ,  Jr  and cp.  
pressure i s  s m a l l  compared with t h e  energy densi ty  these 
equations become 
In  t h e  important case when t h e  
(23 ) 
-2 5 + 4i(R-l$ - (cgV2 - AR2 + 2xc2)R $ = 0 
4rrGR26p = V2$,  
1 d  - R d t  (R$)  = 4nGpcp. 
- 10 - 
~ 
where cg = dp/dp, and cs  i s  the speed of sound. They are  
i d e n t i c a l  with those derived by the  Newtonian treatment5. 
For a r b i t r a r y  v i n  equations (61, (22)-(23) give 
In t h e  above equations V2 i s  t h e  Laplacian i n  space of 
curvature n = 0, il. By separating tine var iab les  and using 
V2$ f k2$ = 0, 
it can be shown t h a t  t h e  eigenvalues are: 
(27) 
n = 0: k2 = y2, Y2 2 0, 
N. = +1: k2 = Y(Y+~), y = 1,2,3 ... (28) 
w = -1: k2 = y2+1, Y2 0, 
We first  consider Einstein 's  static universe of 
l? = R = 0, w = +1, and therefore 
A = c2(3v-2)/v*, 
from equation (12). Equation (26) i s  now 
if + g [y(y*)(v- l )  + (JV-2)(v-2)v- l l$  = 0, 
(29) 
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and t h e  ref ore 
It is wel l  known t h a t  t h e  Eins te in  model i s  unstable against  
perturbations i n  R.  
where R i s  the  equilibrium Einstein value, it i s  found t h a t  
t o  f i r s t  order 
When R + 6R i s  used i n  equation (D), 
and therefore  
A n  advantage of t h e  LemaZtre model, s o  it i s  argued, i s  t h a t  
it possesses an extended or i n f i n i t e  past  i n  a quiescent 
Einstein s t a t e  during which disturbances can grow exponen- 
t i a l l y  according t o  equation (31). B u t  f o r  1 < v S 3 it i s  
seen f r o m  equation (32) t h a t  6R grows more rapidly than any 
of the modes y = l ,2 ,3  ... The r a t e s  of growth a r e  equal i n  
a cold universe of v = 1, i n  which t h e  v e l o c i t y  of sound i s  
zero, and 6 p  a 6R a exp ct/R. 
t u r e  from the  global  equilibrium s t a t e  i n  such a universe 
i s  j u s t  as l i k e l y ,  o r  even more l i k e l y ,  than  t h e  formation 
Thus we see t h a t  t h e  depar- 
- 1 2 -  
of condensations. The growth of condensations must  therefore 
be considered within t h e  framework of a nonstat ic  universe. 
In  t h e  following w e  suppose t h a t  A i s  zero. By using 
t h e  transformations (13)-(15)y equation (26)  becomes, f o r  
H = 0: 
f o r  t.l = +1: 
1% = 6v a'' 1 + ( 3 ~ - 2 ) - ~ [ 4 ( v - l ) k ~  + ( 4 - 3 ~ ) ~ -  sinzx 
and f o r  H = -1: 
where dashes denote derivatives with respect t o  x. For 
any value of k2 and x, and 1 5  V S 6, it i s  easy t o  see 
t h a t  a ~ / a H  have m a x i m u m  posit ive values at v = 1. 
words, t h e  growth of t h e  ax is  maximum i n  a cold universe 
I n  other 
- 13 - 
of zero pressure.  
and occurs when t h e  f l u i d  consis ts  of dust  p a r t i c l e s  or other  
bodies having no pecul ia r  motion of t h e i r  own. 
This i s  of course what one would expect 
The growth of disturbances i n  a cold universe i s  of 
great i n t e r e s t .  
extremely favorable case the  growth i s  t o o  slow t o  e s t a b l i s h  
a d i f f e ren t i a t ed  medium, then the  i n s t a b i l i t y  hypothesis i s  
i n  ser ious d i f f i c u l t y .  
become 
Should it t u r n  o u t  t h a t  even i n  t h i s  
For v = 1, equations ( 3 3 ) - ( 3 3 )  
n = 0: 
n = +l: 
n = -1: 
and t h e i r  solut ions a re  
n = 0: $ = &x-5 + E a ,  ( 3 9 )  
where & and Bn a re  constants.  
growth possible f o r  $ i n  expanding and cont rac t ing  models of 
the  universe, and t h e  cont ras t  dens i ty  6 p / p  a JIR i s  shown i n  
These r e s u l t s  give t h e  maximum 
10’ 
1 oo 
lo-’ 
0 
FIGUR3 1 
2 
f igure 1 as a funct ion of x. 
The K = 0 model i s  t h e  simplest of a l l  t o  study and 
possesses f ea tu res  representat ive of a l l  t h ree  models I n  
t h i s  model 
6p/p = AR-3/2 + BR, (42) 
and therefore  6 ~ / p ' / ~  i s  constant or  diminishes i n  an expanding 
universe, and 6p/p3/2 i s  constant o r  diminishes i n  a contract ing 
universe. Neglecting t h e  decaying term, w e  have t h a t  i n  an 
expanding universe 
S t r i c t l y  speaking, t h e  condition v = 1 f o r  t h e  maximum r a t e  
of growth of t h e  g rav i t a t iona l  p o t e n t i a l  4 i s  not necessar i ly  
a l s o  t h e  condition f o r  t he  maximum rate of growth of t h e  COE- 
t r a s t  densi ty .  The maximum possible  rate of growth of t h e  
contrast  densi ty  f o r  a r b i t r a r y  v i s  only s l i g h t l y  d i f f e ren t ,  
however, from equations ( 3 9 ) -  (41). 
3 .  THE INSTABILITY HYPOTHESIS 
We now consider whether t hese  r e s u l t s  s a t i s f y  t h e  
requirements t h a t  were discussed ear l ier .  The absence of 
exponential growth i s  t y p i c a l  of a l l  nonstat ic  models. 
comparison of equations (2)  and (43) shows t h a t  m = 6 falls  
a long way short  of t h e  large quantity desired.  Our conclu- 
s i o n  i s  t h a t  an expanding universe does not possess any pro- 
nounced i n s t a b i l i t y .  
consideration of Jeans ' theory of g r a v i t a t i o n a l  i n s t a b i l i t y  
i n  which t h e  unperturbed s t a t e  i s  assumed t o  be s t a t i c .  
According t o  t h i s  theo,ry t h e  mximm possible rate of grovth 
gives 
A 
This conclusion i s  reinforced by a 
t 
P 7 LP a exp - 
where T = (b~rGp)-''~. But T i s  t h e  order of t h e  age of t h e  
universe and therefore  Jeans '  theory cannot s a t i s f y  t h e  in- 
e q u a l i t y  (1). 
i s  even slower than t h a t  given by Jeans '  theory.  
In an expanding universe the  r a t e  of growth 
It i s  required t h a t  during expansion t h e  cosmic f l u i d  
fragments i n t o  is lands.  The gravi ta t iona l  p o t e n t i a l  of a 
disturbance must therefore  increase with t i m e  and a t t a i n  a 
value of J, - GM/h, where M and h are t h e  mass and radius of 
an is land.  The inadequacy of the g r a v i t a t i o n a l  theory t o  
expla in  t h e  o r i g i n  of s t ruc ture  i s  shown c l e a r l y  by equation 
(39 )  where it i s  seen that even i n  a cold expanding universe 
the g r a v i t a t i o n a l  p o t e n t i a l  of a disturbance cannot increase.  
Equations (4.0)-(41) for w = k1 give e s s e n t i a l l y  t h e  same r e s u l t s .  
-16- 
For t h e  sake of  achieving m a x i m u m  growth we have assumed 
a cold universe of zero pressure, and as a r e s u l t  a l l  wave- 
lengths have equal growth r a t e s .  The inclusion of pressure 
slows down o r  i n h i b i t s  t h e  growth of shor te r  wavelengths and 
there i s  no apparent mechanism whereby a l imi ted  range of 
wavelengths receive p r e f e r e n t i a l  treatment.  If t h e  growth 
were l a r g e r  t h e  r e s u l t s  would be catastrophic and the  universe 
would be v i o l e n t l y  unstable on t h e  cosmic sca le .  We come 
therefore  t o  the  conclusion, previously a r r ived  a t  i n  many 
d i f fe ren t  ways by various au%hors, t.hat g r a v i t a t i o n a l  
i n s t a b i l i t y  fa i l s  because perturbations grow t o o  slowly and 
lack s t r u c t u r a l  content. 
A t  f i r s t  glance our presentat ion of the  i n s t a b i l i t y  hypoth- 
e s i s  appears t o  contain severa l  loopholes. 
properties of the  cosmic f l u i d  have been s implif ied and are  
obviously not very r e a l i s t i c  e It seems plausible ,  however, 
t h a t  t h e  inclusion of r o t a t i o n a l  e f f e c t s  w i l l  i n h i b i t  even 
fur ther  the  formation of condensations. The neglect of rota-  
t i o n a l  motions i s  a ser ious omission t h a t  must  be corrected 
the  moment a mechanism f o r  adequate growth has been discovered. 
A n  i n i t i a l  s t a t e  of turbulence6 possesses many a t t r a c t i v e  
features  but  forces us inevi tab ly  i n t o  t h e  jaws of t h e  primor- 
d i a l  s t ruc ture  hypothesis. I n  addi t ion  w e  have considered a 
cosmic f l u i d  of only rudimentary proper t ies .  Here again it 
seems unl ikely t h a t  departures from a perfect  f l u i d  - i n  which 
The motion and 
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e 
t h e  pressure i s  a s c a l a r  - w i l l  favor  an increased growth. 
In f a c t ,  t h e  growth of perturbations i n  a f l u i d  which has a 
real ve loc i ty  of sound (i .e. ,  dp/dp > 0 )  must always be less 
than t h e  expressions w e  have derived f o r  a pressureless  f l u i d .  
Let us suppose t h a t  t h e  i n s t a b i l i t y  i s  thermal i n  o r ig in  
and not grav i ta t iona l ,  and as a r e s u l t  $ has the  des i red  r a t e  
of growth of 
R J! >> - 
4f R .  
Equation (26) i s  then approximately 
dp k2 
dP R i j + -  7 $ = 0 ,  
(45) 
and t h e  cosmological and curvature terms are omitted because 
they a re  unimpor th t  and cannot e f f e c t  t h e  condition (45). 
Furthermore, we assume t h a t  the  expansion index n, defined by 
i s  constant i n  an i n t e r v a l  of t i m e  t l  t o  t .  
n S 1, and i n  the  early stages of t h e  universe when t h e  cur- 
vature  term i s  unimportant,n = 2/3v. 
i s  
In general ,  
The solut ion of (46)  
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i n  terms of the  Bessel functions of imaginary argument, and 
R = b t  . Condition (45) i s  s a t i s f i e d  when t h e  arg,ument, i s  
large,  and hence 
n 
where I# = $, at t = tl, and a l so  R/k = h i s  t h e  waveler,g:h 
(divided by 2rr) .  If t = tl + A t ,  then  t o  a f irst  order 
The age of the  universe i s  t N (3/8nGp)’, and f o r  a mass 
M N  4Qh3/3 we have 
Because dp/dp i s  negative t h e  speed of sound i s  imaginary; 
a region of space of densi ty  p + 6p  has now a lower pressure 
than t h e  region of densi ty  p - 6p, and t h e  pressure gradients  
now favor t h e  formation of condensations. The question is :  
Can they succeed? Without specifying i n  d e t a i l  t h e  cause and 
t 
w 
ai 
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nature o f  t h e  negative gradients  it i s  possible t o  d is t inguish  
t w o  c lasses  of pressure i n s t a b i l i t y .  
I n  t h e  f irst  c l a s s  we have a change of s t a t e  such t h a t  
dp/dt < 0 and dp/dt > 0 during expansion as shown i n  f igu re  
2 .  From equations (11) and (42) 
and therefore  
where y = + 2 t .  A t  
- 20 - 
W e  observe t h a t  t h e  maximum possible  value of y i s  uni ty  when 
A t  = t, Ap = p = &e2. From equation (49) it follows t h a t  
u + = G .  hc X 
In terms of p and M t h i s  r e s u l t  becomes 
2 3 2  (48) G M p = 
Now according t o  equation (4 )  x i s  at l e a s t  of t h e  order of 
13 and therefore  
where % i s  the  so l a r  mass and y < 1. 
i n  pr inc ip le  prec ip i ta te  out when t h e  densi ty  of the  universe 
has dropped t o  l e s s  than l e y 3  
M = lo1% when the density i s  l e s s  than 10'18y3 gem 
a t y p i c a l  ga l ac t i c  density of 
of a t  i e a s t  
A t  - t, we observe from equation ( 5 0 )  t h a t  as much as l$ of 
t h e  mass a t  i t s  f i n a l  densi ty  must consist  of r e l a t i v i s t i c  
p a r t i c l e s .  For a large c lus te r  of galaxies the  problem i s  
even more severe. 
Thus s t e l l a r  masses can 
and ga lac t i c  masses of 
e For -3 
gem-: y must have a value 
&-en i f  t h e  ga l ac t i c  ccmdcnsat5cn t i z e  i s  
I n  t h e  second c lass  of pressure i n s t a b i l i t y  we assume 
t h a t  there  is  rad ia t ion  cooling e i t h e r  by photons or neut,rinos, 
such t h a t  a region of p - 6p is heated a t  the  expense of t he  
region p + 6p, such t h a t  where dp/dxi > 0 we have dp/dxi < 0. 
By wri t ing 
we obtain the  same re su l t s  as before.  
On the  face of it, without specifying any physical 
mechanism, thermal or pressure i n s t a b i l i t y  can provide an 
- 21 - 
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adequate r a t e  of growth f o r  s t e l l a r  masses and a barely adequate 
ra te  of growth f o r  g a l a c t i c  masses. The main d i f f i c u l t y  i s  
t o  discover an e f f e c t i v e  physical  mechanism t h a t  can operate 
over a large range of density.  
density, where one might f e e l  safe i n  claiming b izar re  prop- 
e r t i e s  f o r  t h e  f l u i d ,  the  universe expands rapidly and the  
time avai lable  i s  t o o  short  f o r  pronounced growth. Over most 
of t h e  densi ty  range rad ia t ion  cooling at i t s  best  w i l l  merely 
make the  f luc tua t ions  isothermal and therefore  dp/dp will be 
posi t ive.  The question of s t ruc ture  raises furbher d i f f i c u l t i e s  e 
A s  t h e  universe expands and the  densi ty  diminishes we can 
imagine t h a t  d i f f e r e n t  groups of wavelengths i n  succession a r e  
time-growing owing t o  various physical  processes. Thus f o r  
each process y is small and therefore ,  provided t h e  process 
permits, on ly  r e l a t i v e l y  s m a l l  masses have time t o  become 
d i f fe ren t ia ted .  Given the  r i g h t  process equation ( 5 3 )  shows 
t h a t  planetesimal masses could form e a s i l y  (and perhaps t h i s  
accounts for  t h e i r  o r i g i n ) ,  but it i s  qui te  impossible t o  see 
how g a l a c t i c  masses can be carved out of t h e  cosmic f l u i d  by 
any reasonable process. Unt i l  a convincing physical  b a s i s  
can be found, and it i s  shown t h a t  an acceptable hierarchy of 
s t ructures  emerges out of an amorphous background, t h e  thermal 
i n s t a b i l i t y  approach must  be regarded as unfounded speculation. 
The t rouble  i s  t h a t  a t  high 
It i s  suggested7 t h a t  c e r t a i n  outstanding events,  such 
as quas i - s te l la r  radio sources and v io len t  outbursts  i n  galaxies,  
- 22 - 
. 
are  t h e  r e s u l t  of the expansion of objects from a radius close 
t o  t h e i r  Schwarzschild s ingular i ty .  
t h e  e a r l y  s tages  of t h e  universe t h e r e  occurs fragmentation 
i n t o  f l u i d  c e l l s  which then remain p a r t i a l l y  encapsulated i n  
t h e  metric. To an i n t e r n a l  observer t h e  c e l l  continues t o  
expand and rapidly becomes an astronomical object; b u t  t o  an 
ex terna l  observer the  c e l l  l i e s  dormant f o r  a long period of 
time and i s  scarcely observable, and then  b u r s t s  f0rt .h as a 
youthful and vigorous object.  For a mass M of radius h close 
t.o the  Schwarzschild singularit ,y,  w e  have 
It i s  v isua l ized  t h a t  i n  
MG 
hC =2 N 1. (55 )  
Now whatever t h e  cause of the fragmentation it must involve 
propagation over a distance h which cannot exceed c t ,  where 
t i s  the  age of t h e  universe. 
and f o r  M = 4Fph3/3, it follows 
Y2 oh mcnt 1, Therefore h S c t  5 (3c2/&rGp), 
and i n  pr inc ip le  the  condition (55 )  i s  possible e 
we could argue t h a t  i n  the  comoving coordinate system the  maxi- 
mum r a d i a l  v e l o c i t y  i s  c, o r  
Alternatively,  
- 23 - 
and from equation (11) we again derive the  r e l a t i o n  (56) .  
glance a t  equation (31) shows, however, t h a t  within the  frame- 
work of the  i n s t a b i l i t y  hypothesis encapsulation i n  the  metric 
i s  impossible, f o r  always 2MG/hc2 << 1. If encapsulation does 
occur, then it must  be studied on the bas i s  of some other  
hypothesis. 
A 
4. PRIMORDIAL STRUCTURE HYPOTHESIS 
We are confronted, s o  it seems, with a choice between 
an i n s t a b i l i t y  hypothesis which explains very l i t t l e  and a 
primordial s t ruc ture  hypothesis t h a t  leaves very l i t t l e  t o  be 
explained. We are  driven by bru te  force t o  t h e  conclusion 
t h a t  s t ruc ture  i s  impl ic i t  i n  the  i n i t i a l  cosmological 
conditions and i s  not implici t  i n  the  known laws of physics. 
The o r i g i n  of s t ruc ture  i s  thus apparently shrouded i n  t h e  
same inscrutable  mystery as the  f i a t  t h a t  created t h e  universe. 
This pessimist ic  view, however, i s  e n t i r e l y  u n j u s t i f i e d  
and i s  a confession of our ignorance of t h e  universe par t icu-  
l a r l y  i n  i t s  e a r l i e s t  s tages .  It i s  qui te  possible  t ,hat  
s t r u c t u r a l  configuations with r o t a t i o n  a r e  a necessary Property 
Of matter at exceedingly high d e n s i t i e s .  
r 
A 
In  t h i s  way t h e  
Primordial s t ruc ture  hypothesis i s  not a pol icy of despair ,  
but on t h e  contrary it opens up a v i s t a  of e x c i t i n g  p o s s i b i l i -  
t i e s  i n  which the i n i t i a l  conditions a re  determined na tura l ly  
e i t h e r  by laws of physics which are as yet  unknown o r  by t h e  
extrapolat ion of t h e  known laws of physics t o  extreme conditions. 
Almost nothing is  known about t h e  universe during i t s  earliest 
moments. We can expect t h a t  p a r t i c l e  in te rac t ions  are compli- 
cated by g r a v i t a t i o n a l  e f f e c t s  and quantum f luc tua t ions  of 
t h e  metric. Possibly c l a s s i c a l  theor ies  of t h e  universe a t  
very high densi ty  a re  inadequate or even inva l id .  If indeed 
8 
l a rge  scale  s t ruc tures  such as the galaxies  derive from 
primordial  conditions then  cosmology must grapple with t h i s  
problem i n  order t h a t  eventually we s h a l l  understand t h e  
o r i g i n  of s t ruc ture  i n  t h e  universe. 
Astronomy with i ts  large telescopes has revealed t h e  
problem, and qui te  possibly cosmology must t u r n  t o  high energy 
physics and i t s  large accelerators f o r  t h e  solut ion.  
- 25 - 
Legends t o  Figures 
Figure 1. Curves increasing from l e f t  t o  r igh t  show the  
growth i n  amplitude i n  an expanding cold universe; those in- 
creasing from r igh t  t o  l e f t  are f o r  a contract ing universe. 
4/L = B, = 1 i n  equations (39)-(41). 
Figure 2. I l l u s t r a t i o n  of dp/dp < 0 i n  a given range of 
dens'lty . 
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